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A B S T R A C T   
Anthropogenic land use change (LUC) affects soil quality and the global carbon (C) pool. Such LUC is a potential 
threat for forest ecosystems because it can alter soil biome and increases the emission of greenhouse gasses 
(GHGs). Here, we investigated the changes in soil quality and CO2 emission following afforestation of reclaimed 
coal mine land and agriculture land created in a tropical dry deciduous forest of Jharkhand, India. Soil samples 
were collected from afforested mined soil (AMS), agriculture soils (AGS), and the natural forest soils (NFS) and 
analyzed for physicochemical and biological properties. Soil infiltration rate and CO2 efflux were recorded in situ, 
and C balance and emission coefficient (Ci) were calculated to determine soil C dynamics. 
Our results demonstrated significant alteration in soil quality parameters (decreases/increases based on the 
individual parameter) in converted land use. Compared to NFS, soil organic carbon (SOC) stocks decreased by 
84% in AMS and 50% in AGS, soil CO2 efflux increased by 35% in AGS and decreased by 43% in AMS, attributed 
to differences in vegetation and microbial activities among sites. Principal component analysis showed soil 
infiltration rate, total nitrogen, and clay content were highly influenced by the LUC and explicitly indicate soil 
quality. The 4-year old AMS was C negative and had a greater Ci value than AGS and NFS, probably due to the 
lesser vegetation cover and adverse soil properties. We concluded that the conversion of tropical forests to 
different lands altered soil quality that can be assessed using indicator parameters like soil infiltration rate, total 
nitrogen, and clay content. Such LUC tends to switch the forest from a sink to a source of CO2 whether the end 
use is afforestation or agriculture. However, land degradation due to surface mining activities had a greater 
impact on soil quality and C sequestration potential than agriculture.   
1. Introduction 
Globally, the forest area decreased by 420 million hectares (M ha) 
between 1990 and 2020 (FAO and UNEP, 2020). Massive land use 
change (LUC), such as the conversion of forest to agriculture, human 
settlement, and other infrastructure developments, are the prime causes 
of forest loss (IPCC, 2014). However, recent global initiatives of affor-
estation/reforestation of degraded lands considerably decrease these 
losses to 4.7 M ha yr− 1 during 2010–2020 (FAO and UNEP, 2020). 
Tropical forests stored 55% of the total forest carbon (C) stocks, where 
soil accounts for ~32% of the entire forest soil C stock critical to global C 
cycle and climate change mitigation (Pan et al., 2011; Malhi et al., 
2014). Conversion of forests to non-forest lands often results in poor soil 
quality, loss of C pool and soil biodiversity, and increased emission of 
greenhouse gasses (GHGs) (McLauchlan, 2006; Morris et al., 2015; 
Guillaume et al., 2016; Kranabetter et al., 2016; Frouz, 2017; Han and 
Zhu, 2020; Singh et al., 2020). It is estimated that LUC contributed 
12.5% of the total CO2 emission in the last decade (Friedlingstein et al., 
2010; Lai et al., 2016). Notably, the expansion of agriculture and 
plantation in forests between 2010 and 2014 caused a net annual 
emission of ~2.6 Gigatonnes of CO2 in the tropics (Pendrill et al., 2019). 
Therefore, good knowledge of LUC is imperative, particularly to 
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understand how these changes affect soil functioning and reduce these 
losses from the natural forest ecosystems. 
Agriculture expansion is continuously the greatest cause of reducing 
the natural forest cover and forest habitat fragmentation. For instance, 
intensive agriculture practices accounted for 40% of tropical defores-
tation between 2000 and 2010 (FAO and UNEP, 2020). Sanderman et al. 
(2017) estimated the loss of 133 Pg C from the top 2 m of soil under 
agricultural land uses. Unlike forests, tillage, chemical fertilizers, and 
the rapid turnover of vegetation in agriculture lead to significant 
changes in soil C stock and fluxes (McLauchlan, 2006; Singh et al., 
2016). For instance, a review on soil C changes upon conversion of forest 
to agriculture reported an approximately 30% loss in soil C (Murty et al., 
2002). Therefore, reducing agriculture expansion in natural forests and 
managing these diverted lands are urgently needed to protect our forests 
and combat the global climate crisis. 
The majority of coal reserve is under the forest cover, and surface 
mining of coal inevitably causes LUC and environmental deterioration at 
a regional scale. Such LUC is a potential driver that can have one of the 
most adverse consequences on the forest ecosystem. Mining alone 
accounted for 7% of the total forest loss in 46 tropical and subtropical 
countries (FAO and UNEP, 2020). Surface mining often results in altered 
geological settings, loss of natural C sink and regional biodiversity, 
disposal of a vast amount of waste, and increase GHGs emissions (IPCC, 
2014; Ahirwal et al., 2018). Mine overburden dumps are generally 
reclaimed by leveling and slope formation followed by vegetation 
development. In many cases, mine degraded lands were managed to 
fulfill the stakeholder’s needs or left unmanaged for natural succession. 
Surface mining significantly decreased the soil C sequestration by losing 
up to 80% of the original C pool from topsoil (Akala and Lal, 2001). 
Several soil amendments techniques have been used to restore mine soil 
C. For instance, Pietrzykowski et al. (2017) investigated the Yellow 
lupin green manure cropping for carbon enrichment and found an 
accumulation of 13.55 Mg C ha− 1 after one-year in the sand mine region 
of Poland. The application of Technosol and biochar increases the total 
carbon concentrations up to 375 g C kg− 1 in copper mines (Forján et al., 
2019). However, these amendments could sustain only for the short 
term thus, long-term restoration techniques are needed to restore soil C 
and develop a sustainable ecosystem. 
Afforestation/reforestation is a promising ecological tool to offset 
GHGs emissions and maintain ecological balance in the post-mining 
ecosystem (Ahirwal et al., 2018, 2020; Ahirwal and Maiti, 2017; 
Casida et al., 1964; Lal, 2003; Simmons et al., 2008; Ussiri and Lal, 
2005). For instance, a chronosequence study in the tropical soils re-
ported a 21% increase in SOC concentrations after two to nine-years of 
afforestation of mined land with leguminous trees in Indonesia 
(Woodbury et al., 2020). On the other side, after two to five-years of 
afforestation across the USA showed a similar amount of soil C con-
centration in a reclaimed and native forest (Angst et al., 2018). It in-
dicates a greater potential of reclaimed mine soils to sequester SOC that 
mainly depends on post-mining land management. Thus, afforestation is 
a vital strategy for long-term management of mine soil quality and 
enhancing C pool in the post-mining landscape. 
A suite of studies measured the impact of LUC on soil quality (Don 
et al., 2011; Lai et al., 2016; Nyawira et al., 2016; Pendrill et al., 2019; 
Verstegen et al., 2019). However, the knowledge of LUC and its impact 
on soil quality and GHG emissions to date is limited in the tropical dry 
deciduous forest region. Specifically, the information of LUC due to 
mining activities and its effect on the SOC dynamics in the Indian sce-
nario is scanty. Therefore, the present study has been undertaken with 
an aim to quantify the impact of LUC on soil quality by assessing changes 
in selected soil properties and CO2 emissions from an afforested mine 
soil (AMS) and agricultural soil (AGS). The study also identifies the soil 
properties profoundly altered by LUC and act as soil quality indicator 
parameters. The nearby natural forest soil (NFS) was used as a reference 
site. We hypothesize that land use change from tropical dry deciduous 
forests to mined land and agriculture fields adversely altered the soil 
quality and increases the emission of CO2 from soils. The outcomes of 
this study will provide essential information about the changes in soil 
carbon pool due to the expansion of agriculture and afforestation (after 
surface coal mining) in the deforested area at a regional scale. 
2. Materials and methods 
2.1. Study area and land use 
The present study was carried out in a tropical dry deciduous forest 
in the Ranchi district of Jharkhand, India (Fig. 1). This study site was 
selected because large-scale deforestation was carried out in this region 
due to surface coal mining activities. The present study site has a unique 
characteristic because it demonstrated natural forest and other diverted 
lands such as agricultural fields and reclaimed coal mine lands. The 
study sites were geographically located between 23◦’’40′31′′–23◦42′30′′
N and 84◦58′38′′–84◦59′54′′ E and at an altitude of 400–550 m above sea 
level. The area had a humid subtropical climate with a mean annual 
temperature of 23.7 ± 2.25 ◦C and received mean annual precipitation 
of 1375 ± 70 mm, of which the southwest monsoon contributed 85%. 
Three land use was identified and studied to determine the changes in 
soil quality and CO2 emissions. All land uses were located in the same 
geographical range and experienced similar weather conditions 
throughout the year.  
(i) Afforested coal mine land: The afforested site was located at the 
North Karnapura area of the Central Coalfields Limited, Jhark-
hand. Surface mined land that was reclaimed and afforested after 
surface coal mining, approximately 4-year before, was studied. 
The soils contain significant amounts of artifacts, thus catego-
rized as Technosols (IUSS Working Group WRB, 2015). These 
soils also exhibited a large proportion of coal particles and gravel 
content compare to AGS and NFS. Afforested land demonstrates 
gently undulating to rolling topography. These sites were initially 
a natural forest that was converted to mining areas approximately 
11-year ago. After the excavation of coal by surface mining 
methods, the voids were filled with overburden materials. After 
reaching the stipulated height (60 m), overburden dumps were 
technically reclaimed by leveling, benching, and slope formation 
approximately to the original contour level. Large rock fragments 
present in mine spoils were regraded and initially planted with 
perennial grasses without topsoil. After that, the sapling of fast- 
growing trees such as Azadirachta indica A. Juss, Dalbergia sissoo 
Roxb, Leucaena leucocephala (Lam.) de Wit, Melia azedarach L. 
and Gmelina arborea Roxb with the mixture of fertile soil and 
loose overburden materials were afforested under social forestry 
scheme of the Jharkhand government and further managed by 
the mining company. Reforested trees are very much different 
from native forest species because mine soils have adverse soil 
structure and properties. Therefore, fast-growing and stress- 
tolerant trees that can survive in hostile environmental condi-
tions were planted during the reforestation.  
(ii) Agricultural land: These sites are extended on unmined soil which 
had been a forest prior to LUC and is now used for agriculture. 
The soils are often recognized as Anthrosols because of the 
presence of an anthropogenic horizon developed by the strong 
human influences during intensive long-term cultivation (IUSS 
Working Group WRB, 2015). The agricultural soils are Alfisols 
with a dominance of Al and Fe ions. Agricultural lands are 
managed by farmers (migrated or local) and were historically 
converted from the forest. Agricultural lands were mainly located 
in a buffer zone of the mining and forest areas. Presently, these 
lands are used for paddy cultivation in monsoon, wheat cultiva-
tion in the winter, and left fallow in the summer.  
(iii) Forest land: The natural forest is located adjacent to the mining 
areas. Shorea robusta (Roth.) is the dominant tree species in this 
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forest, with the little admixture of Butea monosperma (Lam.), 
Acacia catechu (L.f.), and Ficus benghalensis L. The topography is 
hilly with stony and gravelly soils that categories as lateritic and 
alluvial types. The long stretch of the forest is undisturbed and 
naturally regenerating across the area. The state government 
protects these forests. 
2.2. Soil sampling and analysis 
Soil samples were collected from the top layer (0–30 cm) at all three 
land uses i.e., afforested mined land, agricultural land, and forest land. A 
total of 10 sampling quadrates (10 m × 10 m) were established using a 
stratified random sampling technique at each site. This sampling tech-
nique involves grouping/dividing a large population into subgroups 
representing the best set of samples. The distance between the quadrats 
at each site varied with the land use treatments. The distance between 
the quadrats in the natural forest was 700 m, afforested mine land was 
120 m, and agricultural land was 80 m. From each quadrat, five sub- 
samples were collected to make one composite sample. Thus, a sum of 
30 composite soil samples was collected and analyzed for soil physico-
chemical and biological characteristics. For the estimation of bulk 
density, 10 soil cores were separately collected using soil corer (8 cm 
internal diameter and 30 cm tall) from each land use. 
Soil samples were air-dried at room temperature for a week and 
oven-dried at 105 ◦C for 48 h. Coarse roots and gravels were separated 
manually from the bulk samples, and then soils were lightly crushesd 
with the mortar and pestle. Fine earth material (<2 mm) was separated 
from coarse materials by passing through a 2-mm sieve. Soil texture 
(percentage of sand, silt, and clay) was determined by the pipette 
method using (NaPO3)6 as a dispersing reagent (Piper, 1966). Bulk 
density was determined by measuring the oven-dried soil’s mass in a 
known volume of the metallic core described by Blake and Hartge 
(1986). Soil infiltration rate (IR) was measured in situ at each land use by 
installing a double-ring infiltrometer. The measurement was taken by 
inserting the two metallic rings into the soil: an inner ring with a 
diameter of 30 cm was used to measure the rate of water infiltration, 
while the outer ring of diameter 50 cm was installed to minimize the 
horizontal flow of water. Water was poured from a graduated cylinder 
with the constant flow in both the outer and inner ring. The amount of 
water that infiltrated the soil was recorded at regular intervals up to 3 h 
to measure the IR (Maiti, 2012). 
Soil pH was determined in a soil: deionized water suspension (1:2.5, 
w/v), shaken horizontally and allowed to settle for one hour, and then 
measured by a multi-parameter pH probe (HI-2020, Hanna Instruments, 
India). Soil organic carbon (SOC) of the NFS and AGS was analyzed 
using a rapid dichromate oxidation method (Nelson and Sommers, 
1996) while AMS was processed as described by Das and Maiti (2016). 
The semi-automatic nitrogen estimation system estimated plant- 
available nitrogen (N) after digesting with 0.32% KMnO4 solution and 
titration with 0.02 N H2SO4 (Subbiah and Asija, 1956). Total nitrogen 
(TN) was quantified using an elemental analyzer (Euro EA3000, Euro-
Vector, Italy). Samples were extracted with Bray’s reagent (0.03-N NH4F 
in 0.025 N HCl solution) and analyzed by the ammonium molybdate 
method in a spectrophotometer (Shimadzu UV Spectrophotometer, UV- 
1800) to determine available phosphorus (P) (Bray and Kurtz, 1945). 
The soil samples were extracted with a 1 M neutral NH4OAc solution to 
determine exchangeable potassium (K) using a flame photometer 
(Microprocessor Flame Photometer, ESICO-1388) (Jackson, 1973). The 
Fig. 1. (a) Map of study site showing the location of the study area in Jharkhand, India (b) tropical dry deciduous forest (natural forest), (c) mined overburden dumps 
afforested with fast-growing trees, and (d) agricultural land. 
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Na-saturation method was used to assess cation exchange capacity (CEC) 
using a flame photometer (Jackson, 1973). Dehydrogenase enzyme ac-
tivity (DHA) was estimated in fresh soil samples by using 2, 3, 5-tri-
phenyl tetra-zolium chloride (TTC) as a substrate (Casida et al., 1964). 
2.3. Soil CO2 emissions 
Soil CO2 emissions were measured in situ at different land use by an 
automated soil CO2 flux system (LICOR LI-8100, LICOR Inc. Lincoln, NE, 
USA). The soil collar made of polyvinyl chloride (PVC) pipe of 10 cm tall 
and 20 cm internal diameter was inserted 5 cm into the ground 24 h 
before the start of the first measurement and remained fixed throughout 
the observations. Litter, grasses, and other understory vegetation inside 
the collar were removed to minimize aboveground emissions. Data 
recorded within each season had similar weather conditions throughout 
the observation. CO2 flux was recorded continuously for 24 h at every 
15-minute interval for 90 sec. Concurrently, soil temperature was 
recorded by a temperature probe (type E thermocouple, p/n 8100-201; 
6.4 mm diameter, 25 cm length) inserted 5 cm into the soil. The soil CO2 
flux system generated the relative humidity of the air. Soil moisture 
content was estimated by inserting a moisture probe (ECHO Model EC-5, 
p/n 8100–202; 5 cm length) 5 cm into the soils (Ahirwal and Maiti, 
2017). 
2.4. Calculations of carbon stock, carbon balance, and emission 
coefficient 
To precisely estimate the elemental stocks, the bulk density of the 
fine earth material was determined as used by Ahirwal and Maiti (2017). 





= Cconc × BD × T × 100 (1)  
where Cconc is soil organic carbon concentration (%), BD is corrected 
bulk density (Mg m− 3), and T is the thickness (m) of the soil layer. 
Ecosystem carbon balance was calculated by subtracting the amount 
of C released (output) by the system from the C sequestered (input) by 
the system in the form of CO2: 
Cbalance = Cinput − Coutput (2) 
The carbon emission coefficient (Ci) was calculated as a ratio of 
Coutput/Cinput to determine C released per unit area to the C sequestered 
by the system. The values of Ci indicate whether soil acts as a C source 
(Ci > 1) or C sink (Ci < 1). 
2.5. Statistical analysis 
Primary assumptions associated with the use of one-way analysis of 
variance (ANOVA) were tested by the Leven test (homogeneity of vari-
ance) and the Shapiro-Wilk test (normal distribution). Thereafter, 
ANOVA was conducted to compare the mean values. Tukey honest sig-
nificance difference (HSD) test at α < 0.05 level was performed to 
declare the significant difference between the means. Principal 
component analysis (PCA) was conducted to identify the association 
among the soil properties and to identify the most influenced soil 
properties due to LUC. Statistical analysis was carried out by SPSS 21.0 
(SPSS Inc. Chicago, USA). 
3. Results 
3.1. Soil characteristics 
Soil physicochemical properties of the AMS and AGS were signifi-
cantly different (p < 0.05) from NFS (Fig. 2). Forest soils had a signifi-
cantly higher fine earth material (<2 mm size) than AMS and AGS. 
AMS’s soil texture was loamy fine sand, and both AGS and NFS were 
Fig. 2. Differences in soil physicochemical properties; soil fraction, silt (%), clay (%), bulk density (Mg m− 3), pH, and cation exchange capacity (Cmol kg− 1) of 
afforested mine soils (AMS), agricultural soils (AGS) and natural forest soils (NFS). Different letters showed a significant difference at α < 0.05 level. 
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sandy loam. The higher sand percentage was observed in AMS (81%) 
compared to NFS (76%) and AGS (65%). Silt and clay contents were 
significantly higher (p < 0.05) in the AGS compared to AMS. Estimated 
soil bulk density was greater in AMS compared to other soils. Soil pH 
was acidic in range and showed 
increasing trends in the order of NFS (4.8) < AGS (5.5) < AMS (6.5). 
CEC values were significantly higher in AGS (13.8 Cmol kg− 1). Soil IR 
was significantly different among the land uses and showed higher 
values for forest land (2.26 cm h− 1) compared to agriculture and 
afforested mined land (Fig. 3). Following the conversion of natural 
forest, soil IR decreased by 89% and 45% in afforested and agricultural 
land, respectively. SOC and total N concentrations were significantly 
decreased due to LUC and found in the order of NFS > AGS > AMS 
(Fig. 4). Plant available N (98.1 mg kg− 1), available P (13.6 mg kg− 1), 
and exchangeable K (157.9 mg kg− 1) concentrations were higher in the 
AGS. Soil DHA was increased by 20% in AGS and decreased by 30% in 
AMS compared to NFS (57.1 μg TPF g− 1 day− 1). 
3.2. Principal component analysis and indicator parameters 
The PCA was conducted to determine the relationship between the 
soil properties and screen out the profoundly affected soil properties due 
to LUC. The different soil properties analyzed to assess the changes in 
soil qualities were subjected to PCA analysis. The two PCs which scored 
eigen values >1.0 were considered in this study. The two PCs were 
obtained from the rotated component matrix and together accounted for 
85% of the total variance in soil data (Fig. 5). The highly loaded vari-
ables under PC-1 were IR, TN, SOC, pH, and moisture content, which 
explained 45.9% of the soil data variance. While under PC-2, clay, CEC, 
and sand were highly weighted variables that accounted for 39% of the 
total variance in soil data. The PC-1 accounted for the higher variability 
in the dataset thus soil properties under PC-1 were largely altered due to 
LUC compared to the PC-2. The highly weighted variables in both the 
PCs, IR, TN, and clay content were largely altered and identified as soil 
quality indicator parameters. 
3.3. Soil CO2 emissions, SOC stock, and carbon balance 
Variations in soil CO2 emissions, surface CO2 concentration, tem-
perature, moisture, and relative humidity under different land uses are 
given in Table 1. Following afforestation of mine land and agriculture in 
the tropical forest, soil CO2 emission was increased by 35% and 
decreased by 43% in AGS and AMS, respectively. The average soil sur-
face CO2 concentrations and soil temperature were significantly higher 
in AMS and lowest in the AGS. Soil moisture content was significantly 
higher in the NFS (7.49%) compared to AMS. Relative humidity was 
maximum at the afforested site (65%), and the minimum was recorded 
in the natural forest (34%). 
Differences in SOC stocks under different land use are given in 
Table 2. Land use change from tropical dry deciduous forest to agri-
cultural and afforested mined lands significantly decreases SOC stock. 
SOC stock (CO2 equivalent) decreased by 84% in AMS and 50% in AGS 
compared to NFS (127.2 Mg CO2 ha− 1). Carbon balance was negative 
(-6.64) and Ci value was greater (1.31) in the AMS that indicates a larger 
amount of CO2 release compared to AGS and NFS (Table 2). The C 
balance in NFS was higher than the AGS and AMS. Ci was minimum for 
the NFS (0.37), which indicates a higher CO2 sink capacity of the NFS. 
Agricultural soil had a Ci value of 1.01 that showed C neutral conditions. 
4. Discussion 
The exploitation of the natural ecosystem for agriculture and other 
human benefits has largely altered the terrestrial C pool. These land-uses 
often showed adverse soil physicochemical and biological characteris-
tics that restrict plant growth. Also, altered soil properties affect carbon 
releases from soil to the atmosphere and responsible for greater CO2 
concentration. Globally, the soil has lost 1.6 ± 0.8 Pg C y− 1 due to land 
use change caused by cultivation and disturbance in the tropics (Smith, 
2008). In this study, the changes in soil quality and CO2 flux after 
tropical dry deciduous forest conversion to AMS and AGS were inves-
tigated. The results of the present study show significant changes in soil 
quality in terms of soil texture, increase in bulk density, soil pH, and a 
decrease in fine earth material, SOC, and TN concentrations in AMS and 
AGS compared to NFS. Following the forest’s conversion to AMS, SOC 
and TN concentrations decreased up to 68% and 70%, respectively. 
Similarly, AGS losses 24% of SOC and 32% of TN compared to NFS. The 
decrease in SOC and TN concentrations was more pronounced in the 
AMS because the young age of revegetation had less litter-fall and low 
root biomass, contributing less organic matter input to soils. On the 
other side, the continuous application of manure and tillage induced 
decomposition of crop residue decreases SOC concentration in AGS. The 
decrease in SOC concentrations in AMS and AGS may also be ascribed to 
lower litter and labile C input in the absence of perennial vegetation, 
unlike NFS (Frouz, 2017). 
Nutrients associated with soil fertility (available N, P, and K) had a 
higher concentration in AGS that can be attributable to fertilizer appli-
cation. Similarly, DHA was higher in AGS compared to AMS and NFS. 
Clearing of the forest for mining leads to a decrease in nutrient con-
centrations and soil quality (Macdonald et al., 2015; Ahirwal and Maiti, 
2016). Indeed, SOM input is essential to supply nutrients to plants, in-
crease microbial activity, and soil fertility (Frouz, 2017). Murty et al. 
(2002) compiled the data from those studies that reported changes in 
soil C and N and found an average loss of C and N by 24% and 15%, 
respectively when forest converted to agricultural land. 
Numerous soil properties and their interactions regulate the entire 
ecological functions. Thus, identifying a unique or a set of soil properties 
that indicate changes in soil quality of different land use is essential. We 
used PCA to determine the relationship between the soil characteristics 
and to identify indicator parameters. As a result, two PC components 
were obtained from the rotated component matrix that showed higher 
loading of IR, TN, SOC, pH, and moisture in PC-1 and higher loading of 
clay, CEC, and sand in PC-2. The highly loaded variables under PC-1 
were highly correlated and showed higher variance in the dataset than 
PC-2. Therefore, we selected the highest loaded variable from both the 
PCs i.e., IR and TN from PC-1 and clay from PC-2. These soil properties 
are altered mainly by the LUC; hence they act as an indicator of the 
overall soil quality. Reynolds and Reddy (2012) studied the interaction 
between the reclaimed coal mine soil physicochemical properties of the 
afforested sites and reported a strong correlation between the IR, soil 
texture, and carbonates. Shukla et al. (2004) studied the soil quality 
indicators using PCA for AMS in South-eastern Ohio. They reported that 
Fig. 3. Variations in soil infiltration rate of natural forest, agriculture, and 
afforested mine land. 
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bulk density, water infiltration, and soil aggregates were highly influ-
enced by reclamation and indicated the soil quality. 
Infiltration into the soil is vital to manage groundwater level, soil and 
water conservation, understanding physical characteristics, and solution 
transport in the soil matrix (Assouline, 2013; Olorunfemi and Fasin-
mirin, 2017). In the present study, the conversion of forest to afforested 
and agricultural land decreases IR by 89% and 45%, respectively. The 
decrease in IR may be ascribed to a reduction in SOM, soil texture 
changes, and increased bulk density. Compaction of the soil surface is a 
primary factor that limits water infiltration into soils. Higher bulk 
density and coarse fraction also result in low moisture content in AMS. 
Conversion of primary forest to other land use leads to loss of macro- 
Fig. 4. Differences in soil biochemical properties, soil organic carbon (%), total nitrogen (%), available nitrogen (mg kg− 1), available phosphorus (mg kg− 1), 
exchangeable potassium (mg kg− 1), and dehydrogenase activity (DHA μg TPF g− 1 day− 1) of the afforested mine soil (AMS), agricultural soils (AGS) and natural forest 
soils (NFS). Different letters showed a significant difference at α < 0.05 level. 
Fig. 5. Principal component analysis (PCA) biplot showing the grouping of 
higher loading variables under PC 1 (infiltration rate, total nitrogen, soil 
organic carbon, and moisture content) and PC 2 (clay and cation exchange 
capacity). (CEC; cation exchange capacity, DHA; dehydrogenase activity, CO2; 
CO2 flux, N; available nitrogen, P; available phosphorus; K; exchangeable po-
tassium, SF; soil fraction, Mois; moisture, SOC; soil organic carbon; TN; total 
nitrogen, IR; infiltration rate, BD; bulk density). 
Table 1 
Differences in soil CO2 emissions and environmental variables in different land 
use generated in a tropical dry deciduous forest.  






Soil CO2 flux (µmol 
CO2 m− 2 s− 1) 
1.95 ± 0.35c 4.64 ± 0.40a 3.42 ± 0.48b 
Surface CO2 
concentration (ppm) 
504 ± 28.6a 485 ± 13.3b 489 ± 12.2b 
Soil temperature (◦C) 22.0 ± 5.01a 16.0 ± 4.78c 18.8 ± 3.45b 
Soil moisture (%) 3.55 ± 0.13b 6.43 ± 0.20ab 7.49 ± 0.77a 
Relative humidity (%) 65.9 ± 9.53a 45.0 ± 6.21b 33.8 ± 8.40c 
Values are given as mean ± standard deviation, n = 96, letters in the same row 
showed significant difference at α < 0.05. 
Table 2 
Exchange of carbon pool between soils and atmosphere in different land uses.  






Soil CO2 sequestered 
(Mg CO2 ha− 1) 
20.6 ± 3.97 63.6 ± 10.6 127.2 ± 17.5 
Soil CO2 emissions (Mg 
CO2 ha− 1yr− 1) 
27.1 ± 4.84 64.3 ± 5.53 47.5 ± 6.61 
Carbon balance (Mg 
CO2 ha− 1) 
− 6.44 − 0.65 79.7 
Carbon emission 
coefficient (Ci) 
1.31 1.01 0.37  
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porosity due to soil compaction and loss of soil flora, which reduced the 
rate of water infiltration in the soils (Mehta et al., 2008). 
Soil properties such as organic carbon, bulk density, and texture may 
influence the soil IR (Olorunfemi and Fasinmirin, 2017). The authors 
also observed the decreases in soil hydrophobicity index in the order of 
natural forests > plantations > croplands. A previous study in afforested 
coal mine soils reported IR in the range of 3.3 to 5.8 cm h− 1 (Reynolds 
and Reddy, 2012). Estimation of IR in the rice-growing field in Northern 
Italy showed higher IR in the range of 3.5 to 11.2 cm h− 1 which was also 
varied with wet-dry cycle and growing season (Zhao et al., 2015). Soil IR 
can vary between the growing and non-growing seasons as it causes 
significant changes in soil aggregates and belowground biomass that 
help in water absorption. Comparative assessment of IR revealed that it 
varied at large scales under different land uses, which can be ascribed to 
the different soil properties, management, and species composition. In 
our study, AMS had the lowest IR, emphasized the need for action that 
maintains the soil quality, supports vegetation growth, and eventually 
increases the soil water recharge potential. 
Land use change also has a remarkable effect on the soil N concen-
trations. In NFS, TN concentration was estimated at 0.11%, which was 
three folds higher than the AMS. A lower TN concentration level in AMS 
can be attributed to the lack of vegetation cover and fertilizer applica-
tion. In contrast, the continuous use of commercial fertilizers in agri-
cultural soil increases the TN concentration and soil pH (up to the 
circumneutral level). Microbial decomposition of organic matter such as 
crop residues and animal manures present in AGS increased the Av. N 
concentration. However, lower supply and return of organic matter to 
the soil reduce the overall N concentration in AMS. Afforestation 
following surface mining activities in India reported a 29% decrease in 
TN concentration even after 15-year vegetation growth (Ahirwal et al., 
2018). Our study showed significant variations in soil texture following 
LUC in the forest. 
PCA results showed that, among the soil properties that decide the 
texture, the most extensive changes were observed in clay content 
following LUC. The presence of clay has a tremendous effect on soil 
functions such as soil–water relations, absorption of cation, and soil 
nutrients and SOC retention. Higher clay content in AGS can be attrib-
uted to the enhanced soil management for cropping, such as frequent 
tillage and irrigation. Also, higher clay content retains more cations that 
increase the CEC of AGS. 
Earlier, studies conducted to assess the impact of land use change on 
ecosystem functions only highlighted the changes in soil characteristics 
and often overlooked the variations in its C storage potential (Mehta 
et al., 2008; Nussbaumer et al., 2016). After increasing the worldwide 
scientific interest in climate change, there is a strong impetus to un-
derstand C dynamics at a regional and global scale (Lai et al., 2016; Han 
and Zhu, 2020; Ma et al., 2020). 
We observed significant differences in SOC stocks following NFS’s 
conversion to AMS and AGS, with SOC stocks decreased by up to 84% 
and 50%, respectively. In AMS, lack of fresh C input by plant litter and 
debris to soil and the comparatively young age of vegetation (lower root 
density) attributed to low SOC stock. Periodic removal of crop residues, 
plowing, and above- and belowground biomass from agricultural land 
resulted in decreased SOC stock. 
Guillaume et al. (2016) investigated soil fertility indicators’ sensi-
tivity and resistance to LUC from the Indonesian rainforest to planta-
tions. They reported the negative impact of LUC on indicators (SOC, N, 
and P) as they are lower in plantation compared to the forest. The LUC 
soil quality indicators can be changes as they are highly dependent on 
the management practices and supply of C in soils. 
Our results are consistent with most studies that showed the decrease 
in SOC stocks after conversion of native forest to secondary land uses 
(Guo and Gifford, 2002; Don et al., 2011; Hu et al, 2016; Assefa et al., 
2017). For instance, assessment of C stocks in major land use systems in 
a semiarid tropical region (India) reported the highest C stocks in the 
forest soil (87.29 Mg ha− 1) followed by pasture (60.03 Mg ha− 1) and 
agricultural soils (44.81–57.12 Mg ha− 1) (Venkanna et al., 2014). The 
agricultural land abandonment in Loess Plateau, China, reported a 55% 
reduction in SOC stocks from control soils (Deng et al., 2016). Guo and 
Gifford (2002) estimated the C stock in different land uses and reported 
a decrease in C stock by 13% in plantation and 42% in the cropland 
compared to natural forest. Hu et al. (2016) studied the SOC stocks in 
the agricultural ecosystems that originated from natural forests and re-
ported a 40% decrease in deep soils (1 m) SOC stock. A LUC study in 
Ethiopia showed that natural forests stored an average of 26.4% and 
33.7% more C compared to cropland and plantations, respectively 
(Tesfaye et al., 2016). In the northern United States, the forest C stocks 
reduced by 29% due to LUC between 1990 and 2018 (Ma et al., 2020). 
Overall, the SOC stocks under different land use and soil types world-
wide reduce in secondary land uses like agriculture and plantation. 
Soil CO2 storage is now considered a crucial soil quality parameter. 
The present study showed the conversion of natural forest to agriculture 
increases soil CO2 emission up to 35% that may be due to conventional 
tillage practice that breaks soil aggregates and increases the decompo-
sition of aggregate bound organic matter. Also, the higher moisture 
content and extracellular enzyme activity (e.g., dehydrogenase) increase 
the litter decomposition, increasing microbial respiration in AGS. In 
agricultural land, highly porous soil increased oxygen diffusion, further 
increasing soil respiration in wet conditions (McCourty et al., 2018). On 
the other side, AMS released 43% less CO2 than the NFS, possibly due to 
the lack of root biomass and fresh C supply. Lower CO2 emissions from 
AMS are also related to low microbial activity and the mine soil’s overall 
functioning (Munoz-Rojas et al., 2016). 
Although significant differences were recorded in the soil CO2 
emissions, little change was observed in soil surface CO2 concentrations 
(Table 1), which indicates environmental factors largely control the 
emission of CO2 from different land uses (Melling et al., 2005; Davidson 
and Janssens, 2006). The absence of vegetation cover, higher rock 
content, and coal shells may increase the temperature in AMS. Melling 
et al. (2005) studied the soil CO2 emissions in tropical peatland and 
reported a higher correlation of the soil CO2 emissions with relative 
humidity in forest and soil temperature in Sago. The authors also opined 
that soil CO2 emissions in different land use are related to environmental 
factors. Singh et al. (2015) studied the variation in soil CO2 emissions 
from different land uses in dry tropics and reported greater CO2 emis-
sions from the agroecosystem and lowest from natural forest, and the 
inverse trend was observed for SOC concentration. Mukhopadhyay and 
Maiti (2014) studied the soil CO2 emissions from different land use in 
India and reported higher CO2 emissions from grassland (155.3 Mg CO2 
ha− 1 yr− 1) compared to the secondary forest (79.05 Mg CO2 ha− 1 yr− 1) 
and mine reclaimed lands (29.12 Mg CO2 ha− 1 yr− 1). 
The net C balance of an ecosystem highly depends on the input and 
output C fluxes. The uptake of CO2 by photosynthesis and loss through 
soil respiration are the two major processes that regulate the ecosystem 
of C cycling. The C balance was highly varied under different land use 
and fluctuated with environmental conditions. The AMS was C negative, 
and its higher Ci value indicates greater C losses by the system when 
surface mining was carried out and less recovery of SOC after affores-
tation. Higher C efflux in the agricultural ecosystem means the emission 
of CO2 from the system; however, it also showed high C stock that 
compensates the C losses and makes the ecosystem C neutral. Overall, 
these diverted lands become a source of CO2 to the atmosphere, and 
AMS mainly contributes to the emission of CO2. Therefore, it can be 
concluded that LUC, due to agriculture expansion and afforestation of 
reclaimed coal mine land, has the potential to alter natural forests 
ecosystem C balance. 
5. Conclusions 
The outcomes of this study are: 
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• Conversion of natural forests to agricultural and afforested reclaimed 
mined land resulted in altered ecosystem structure and function 
particularly, poor soil quality, low SOC stock, and greater CO2 
emissions.  
• Among the soil characteristics, the infiltration rate, total nitrogen, 
and clay contents were profoundly altered by the LUC. Thus, these 
parameters can indicate the soil quality status and can be used as an 
indicator to monitor the soil quality of afforested and agricultural 
ecosystems.  
• Our study showed greater C fluxes in diverted lands whether the end 
use is agriculture or forestry. The level of disturbance enforced due to 
surface mining activities is not yet recovered since 4-years of 
afforestation. 
We concluded that afforested mine soil is still underperforming in C 
storage compared to agricultural soil. Thus, long-term undisturbed 
vegetation growth on mined land is needed to recover the soil C pool as 
in the reference tropical forest. Keeping these results in mind, we 
recommend proper screening and managing overburden materials 
dumped during mining to use them effectively. At the same time, it is 
essential to select the best suitable plant species that can survive in the 
hostile environment of mining areas to establish forests on mine 
degraded lands. Such reclamation practices can help in the accretion of 
soil nutrients and accelerate the growth of afforested species that 
together developed a new forest ecosystem. We anticipated that long- 
term afforestation of mine land would provide an opportunity to 
sequester more atmospheric C and substantially fulfill the targets of the 
Kyoto Protocol and the United Nations’ Reducing Emission from 
Deforestation and forest Degradation. 
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